ical Research (LTER) studies (14, 23, 27, 28) comparing C cycling and community attributes in upland and lowland sites (table S2) are consistent with the responses to rainfall variability reported in this 4-year experiment. Thus, reduced soil C storage and trace gas fluxes, reduced dominance by productive C 4 grasses, and a more diverse and xeric flora, all characteristic of upland sites (14) , can be forecast as longer-term and more widespread responses to chronic increases in rainfall variability in this mesic grassland.
Our results have several implications for predicting the magnitude and direction of change in grasslands under future climates. First, it is clear that species, community, and ecosystem responses to alterations in storm frequency and intensity can be rapid and independent of changes in annual precipitation amount. Increased temporal variability in precipitation patterns and soil moisture in grasslands will, in the short term, increase plant water stress and alter key C cycling processes such as net photosynthesis, aboveground productivity, and soil CO 2 flux, with long-term consequences for C storage and biotic-atmospheric feedbacks. Shifts in plant species composition toward more diverse communities and toward communities characteristic of more xeric environments are also expected, further lowering productivity without a change in mean rainfall quantity. Second, future climates are predicted to include changes both in precipitation variability and in quantity (1, 5, 7, 10) . Thus, projected ecosystem responses to wetter or drier rainfall regimes must account for concomitant changes in storm frequency and size (10) . In this study, responses to increased rainfall variability were greatest in the driest years, suggesting that greater impacts will occur in concert with drought or in more arid systems. Finally, 90% of all terrestrial vegetation types worldwide have Ͼ50% of their roots in the upper 0.3 m of the soil profile (19, 20) . Consequently, most biomes are at risk of being affected by projected increases in rainfall variability and more extreme soil moisture dynamics, independent of changes in precipitation quantity. Reinhard Lührmann 1 *
Major structural changes occur in the spliceosome during its activation just before catalyzing the splicing of pre-messenger RNAs ( pre-mRNAs). Whereas changes in small nuclear RNA (snRNA) conformation are well documented, little is known about remodeling of small nuclear ribonucleoprotein (snRNP) structures during spliceosome activation. Here, human 45S activated spliceosomes and a previously unknown 35S U5 snRNP were isolated by immunoaffinity selection and were characterized by mass spectrometry. Comparison of their protein components with those of other snRNP and spliceosomal complexes revealed a major change in protein composition during spliceosome activation. Our data also suggest that the U5 snRNP is dramatically remodeled at this stage, with the Prp19 complex and other factors tightly associating, possibly in exchange for other U5 proteins, and suggest that after catalysis the remodeled U5 is eventually released from the postsplicing complex as a 35S snRNP particle.
Pre-mRNA splicing, the removal of introns from mRNA precursors, is a prerequisite for the expression of most eukaryotic genes. Catalysis of the two transesterification steps of the premRNA splicing reaction takes place in the spliceosome, an elaborate molecular machine formed by the ordered interaction of four small nuclear ribonucleoproteins (snRNPs), U1, U2, U5, and U4/U6, and numerous splicing factors with the pre-mRNA (1). Spliceosome assembly is initiated by the interaction of the U1 and U2 snRNPs with the pre-mRNA 5Ј splice site and branch site, respectively, generating the prespliceosome or complex A. This complex then recruits the pre-formed U4/U6.U5 tri-snRNP, in which the U4 and U6 snRNAs are base paired, to form the mature spliceosome or complex B. Conversion of the mature spliceosome into a machine capable of catalyzing splicing (hereafter termed the activated spliceosome) entails a major structural change that results in the dissociation of the U1 and U4 snRNPs. Subsequently, the activated spliceosome catalyzes the first transesterification step of splicing and complex C is formed. After the second step of splicing, the mRNA is released and the postspliceosomal complex, containing the excised intron and the U2, U5 and, U6 snRNPs, disassembles and the snRNPs are then recycled for new rounds of splicing.
The spliceosome is, thus, a highly dynamic molecular machine whose composition is not *To whom correspondence should be addressed. Email: reinhard.luehrmann@mpi-bpc.mpg.de static and whose structure undergoes multiple rearrangements during each cycle of splicing. The most dramatic and functionally decisive remodeling step occurs during the transformation of complex B to the activated spliceosome. During this step, base pairing of the U1 and U4 snRNAs with the 5Јsplice site and U6 snRNA, respectively, is disrupted, allowing U6 bases to pair with both the U2 snRNA and the 5Ј end of the intron. Whereas remodeling events involving the snRNAs have been investigated intensively, little is known about changes in snRNP structure and protein composition during spliceosome activation. However, this information is of utmost importance to understand the nature of the catalytic RNP core of the spliceosome. A comparative analysis of the protein composition of purified splicing complexes A, B, and C was previously carried out by two-dimensional (2D) gel electrophoresis, providing initial insight into the complex and dynamic composition of the spliceosome (2, 3). More recently, mass spectrometry has revealed more than 200 proteins present in a mixture of spliceosomal complexes (4, 5) . However, to date, the protein composition of splicing complexes at a defined assembly or functional stage has only been determined by mass spectrometry for complex C (6) .
With the aim of purifying activated spliceosomes, we first raised antibodies to peptides against the splicing factor SKIP (Ski oncogene interacting protein) (7), which is neither stably associated with U4/U6.U5 tri-snRNPs nor present in purified pre-spliceosomes (8) and is thus likely to be recruited to the spliceosome at a later stage of its assembly. Affinity-purified antibodies to SKIP reacted specifically with a protein of expected molecular weight in nuclear extract on immunoblots (not shown) and precipitated splicing complexes from an in vitro splicing reaction with high efficiency (Fig. 1A) . Efficient precipitation of unspliced pre-mRNA was first observed after a 10-min incubation and, at later time points, splicing intermediates and excised intron (but only very low levels of spliced product) were precipitated. Thus, SKIP is recruited to the spliceosome before the first catalytic step of splicing, remains bound through both catalytic steps, and ultimately associates with the spliced-out intron.
To isolate splicing complexes that had not yet undergone the first catalytic step of splicing (and thus potentially represent activated spliceosomes), we immunoaffinity-selected complexes formed after 10 min of splicing with antibodies to SKIP. Bound complexes were eluted under native conditions with antigenic SKIP peptide, and their RNA composition was analyzed by denaturing polyacrylamide gel electrophoresis (PAGE) (Fig. 1B) . The affinity-purified complexes contained equimolar amounts of unspliced pre-mRNA and U2, U5, and U6 snRNA, but U1 and U4 were largely absent (lane 2). These results indicate that predominantly activated spliceosomes, as opposed to spliceosomal complex B, had been isolated. Thus, SKIP appears to first bind precisely at the time of spliceosome activation, allowing for the isolation of a spliceosome assembly intermediate that is formed after complex B, but before complex C. We refer to this previously unknown complex as B*.
In the presence of nuclear extract that was depleted of U4/U6.U5 tri-snRNPs (Fig. 1C,  lane 2) , treated with micrococcal nuclease (lane 6) or in the presence of cytosolic S100 (lane 7), the affinity-selected spliceosomes catalyzed both the first and second steps of splicing, but naked pre-mRNA (lanes 4, 9, and 10) did not. Thus, these experiments demonstrate the functional integrity of the affinity-purified complexes and support their designation as activated spliceosomes; that is, their catalytic activity does not require complementation with U4/U6.U5 tri-snRNPs or with the U1 and U4 snRNPs that they lack.
To characterize the affinity-purifed B* complex in more detail, we subjected it to glycerol gradient centrifugation and analyzed the distribution of the pre-mRNA and snRNAs across the gradient by denaturing PAGE. Complexes containing equimolar amounts of U2, U5, and U6 in addition to pre-mRNA (i.e, activated spliceosomes) peaked in the 45S region of the gradient ( Fig. 2A, top) . In addition, low amounts of a 35S particle containing U5 snRNA were observed. The latter particle is not generated by dissociation of the 45S activated spliceosome during gradient centrifugation; when the anti-SKIP eluate was subsequently affinity-selected with antibodies to peptide against the U2 snRNP-specific protein SF3a66 and then subjected to gradient centrifugation, no 35S complex was observed ( Fig. 2A, middle) . Thus, the 35S complex is likely present in nuclear extract and copurifies with the activated spliceosomes during affinity-selection. Indeed, when an anti-SKIP immunoaffinity-selection was performed with nuclear extract (incubated under splicing conditions but in the absence of exogenously added pre-mRNA), the peptide eluate consisted predominantly of 35S complexes containing U5 snRNA ( Fig. 2A, bottom) . Until now, the only known RNP containing exclusively U5 snRNA was the well-defined 20S U5 snRNP (9). The 35S particle, which contains the SKIP protein, is therefore a previously unknown form of the U5 snRNP. Interestingly, a U2 snRNP complex with an S-value of approximately 25 whose precise identity is presently not known, is also observed after each affinity-selection ( Fig. 2A) .
To determine the polypeptide composition of the B* complex and 35S U5 snRNP, proteins from each affinity-selected complex were separated by gel electrophoresis (Fig. 2, B and C) and characterized by mass spectrometry (Fig. 3) (10). More than 100 proteins were identified in 1, 3, 5, and 8 ) or in the presence of 15% nuclear extract from which the U4, U5 and U6 snRNAs had been removed by oligonucleotide-directed ribonuclease (RNase) H digestion (lanes 2 and 4), 10% micrococcal nuclease treated extract (MN, lanes 6 and 9) , or 10% S100 cytosolic extract (S100, lanes 7 and 10). RNA was analyzed as above.
the 45S activated spliceosome, 80 of which are known splicing factors. Several of the remaining proteins have domains characteristic of splicing factors, making them good candidates for bona fide spliceosomal proteins. Non-snRNP proteins present in the activated spliceosome include (among others) SKIP, three cyclophilins, the RNA helicases Prp22 and p68, as well as a number of proteins known to be present in the yeast and/or human Prp19 complex (11) (12) (13) . Thus, these factors are recruited to the spliceosome before catalytic step I and might also function during spliceosome activation.
The protein composition of the B* complex is clearly distinct from that of the recently purified C complex (6, 10) . For example, the activated spliceosome lacks a number of proteins present in complex C, including several step II splicing factors (with the exception of Prp22) and proteins of the exon junction complex (14, 15) . Thus, these proteins are stably recruited to the spliceosome concomitant with or after step I of splicing. Surprisingly, about 20 non-snRNP proteins cofractionating with the activated spliceosome are not found in the purified C complex. Though some differences in protein composition may be due to differences in the procedures used for purification and mass spectrometry, several of these proteins potentially interact transiently with the activated spliceosome and may play a role before step I of splicing.
The activated spliceosome's protein complement also appears to be distinct from that of complex B. Although a comprehensive protein inventory of the latter complex has not yet been determined by mass spectrometry, previous biochemical analyses support the current assumption that most, if not all, U1, U2, and U4/U6.U5 tri-snRNP proteins, are present in complex B (2, 3) . Consistent with the absence of U1 snRNA, no U1-specific proteins were found in the activated spliceosome. Although all core 17S U2 proteins (i.e., all SF3a/b subunits, AЈ and BЈЈ) were present (16), many other U2-associated proteins that were also present in purified complex A (8) were not found. A dramatic loss in tri-snRNP proteins, which appears to accompany the dissociation of U4 from U6 RNA during spliceosome activation, was also observed; all U4/U6 snRNPspecific proteins, most of the LSm proteins, and two tri-snRNP-specific proteins were not present in the activated spliceosome. However, LSm proteins are difficult to detect by mass spectrometry due to the paucity of tryptic fragments obtained and, for this reason, they may simply have escaped detection. Two U5-specific proteins, i.e., 15K and 100K (hPrp28) which are normally present in 20S U5 and 25S U4/ U6.U5 tri-snRNPs, were also absent. Thus, a major change in the protein composition of the spliceosome occurs at the time of its activation.
Mass spectrometry analysis of the 35S U5 complex ( Fig. 3; table S1 ) revealed striking similarities between its protein composition and that of the B* complex. For example, both complexes lack the U5-specific 15K and 100K proteins. Furthermore, the majority of proteins found in the 35S U5 snRNP are also present in the 45S B* complex. This suggests that the 35S particle is either a precursor or product of the activated spliceosome. Several observations, however, support the latter conclusion. First, the 35S U5 snRNP particle has a protein complement fundamentally different from that of the smaller 20S U5 particle known to enter the splicing cycle as part of the 25S U4/U6.U5 tri-snRNP (Fig. 3) . It also differs markedly from the recently described Saccharomyces cerevisiae penta-snRNP, a large, preassembled snRNP complex containing U1, U2, U4/U6, and U5, which binds as such to the pre-mRNA during spliceosome assembly (17) . The pentasnRNP, in contrast to the human 35S snRNP, contains a full complement of the yeast U5, U4/U6, and tri-snRNP proteins. Second, three 35S U5 proteins not present in the B* complex (i.e., the second step factor hPrp17, the RNA helicase DDX35, and HSP73) are found in complex C (table S1) (5), suggesting that they associate with U5 subsequent to spliceosome activation. Taken together, these results support the idea that the 35S U5 snRNP is generated upon dissociation of the spliceosome after catalysis. Indeed, in initial studies doubly affinitypurified B* complexes, when incubated under splicing conditions in microccocal nucleasetreated nuclear extract, generate 35S U5 snRNPs, confirming their precursor-product relation (not shown).
Because SKIP remains associated with the excised intron (Fig. 1A) , the 35S U5 snRNP likely is initially released, together with the U2 and U6 snRNP, as part of the post-splicing intron-containing complex. Mass spectrometry analysis of the protein composition of the latter complex should help clarify this point; however, attempts to purify the excised intron complex in amounts sufficient to carry out mass spectrometry have not, to date, been successful. Gould and co-workers (12) recently isolated a large complex from both S. cerevisiae and Saccharomyces pombe that contained solely U2, U5, and U6 snRNPs, making it a good candidate for a spliced-out intron complex; whether it contains excised intron or other splicing products or intermediates is, however, not yet clear. The protein composition of this complex exhibits striking similarities with that of the human 35S U5 snRNP (table S1), suggesting a relation between the two. Most importantly, the yeast orthologs of the three U5-specific proteins and the other proteins of the tri-snRNP that are absent in the 35S human complex are also missing in the yeast U2/U5/U6 complex. Thus, this observation is consistent with the idea that the human 35S U5 snRNP may be a dissociation product of a larger postsplicing, intron-containing complex. 4 shows a model of the spliceosome assembly-disassembly pathway, highlighting the spliceosome and snRNP remodeling steps for which we have provided experimental evidence here. The tri-snRNP and additional proteins are recruited to complex A to form complex B and then the activated spliceosome (complex B*). During the latter step, the U1 and U4 snRNPs, together with all U4/U6-specific, two tri-snRNP, and two U5-specific proteins, are destabilized or released. Some of the newly recruited proteins, including SKIP and the Prp19 complex, associate with the U5 snRNP, dramatically altering its composition. The restructured U5 complex persists without marked change in composition through both catalytic steps of splicing until it is released, initially together with U2 and U6 as part of the excised intron complex and then in the form of a 35S U5 particle. Before its reassociation with U4/U6 to form the U4/U6.U5 tri-snRNP, the 35S U5 snRNP is converted into a 20S particle. This conversion minimally entails the dissociation of the Prp19 complex and reassociation of the 102K, 100K and 15K proteins. Whether the 35S U5 is directly converted to a 20S particle, or initially dissociates into an even smaller complex such as the recently described 16S U5 particle observed in S. cerevisiae (18) , is not clear and will be an interesting subject of future studies. 
